Abbreviations used: AcP, acid phosphatase; AO, acridine or ange; BBB, blood-brain barrier; BMEC, brain microvessel en dothelial cell; CMF, calcium-and magnesium-free Dulbecco's PBS; DiI-Ac-LDL, acetylated low-density lipoprotein labeled with 1,1' -dioctadecyl-3 ,3,3' ,3' -tetramethyl-indocarbocyanine perchlorate; EDTA, ethylenediaminetetraacetate; NEM, N ethylmaleamide; PBS, phosphate-buffered saline; PST, phenol sulfotransferase.
Summary: The existence of Iysosomes and acid hydro lase activity was demonstrated in an in vitro blood-brain barrier (BBB) model comprising primary cultures of bo vine brain microvessel endothelial cell (BMEC) monolay ers. BMEC Iysosomes were observed by the uptake of acridine orange and fluorophore-Iabeled acetylated low density lipoprotein by fluorescence microscopy. Cyto chemical localization of the acid hydrolase, sulfatase, and acid phosphatase (AcP) activities with light microscopy also revealed hydrolase-positive vacuoles or Iysosomes that varied in number from cell to cell. BMEC monolay ers were fractionated and biochemical assays of the sul fatase, AcP, and �-galactosidase were performed. Signif icant activities of the acid hydrolases were found to be The blood-brain barrier (BBB) is comprised of tightly apposed brain microvessel endothelial cells (BMECs) that lack fenestra and typically possess few pinocytic vesicles. In general, the BBB, as a physical barrier, limits passage of most water soluble or polar molecules from the blood to brain. However, several transcellular transport systems do exist at the BBB to provide central nervous sys tem tissues with essential water-soluble nutrients (Cornford, 1985) . The BBB, as an enzymatic bar rier, consists of a number of metabolic pathways for metabolism of amino acids, glucose, neurotransmit-associated with lysosome and microsome fractions (69-77%). The majority of �-galactosidase (=48%) and total sulfatase (=58%) activity was associated with the lysosome fraction of the BMECs. In contrast, =52% of AcP activity was associated with the microsome fraction of the cells. The results of this study are consistent with the demonstration in vivo of acid hydro lases as potential factors in the endocytic pathway for transport of proteins through the BBB and as contributors to the BBB's enzy matic barrier function. Key Words: Acid hydrolases Acid phosphatase-Blood-brain barrier-Brain mi crovessel endothelium-�-Galactosidase-Lysosomes Sulfatase.
ters or neuromodulators, and glycogen (Spatz and Mrsulja, 1982) . The BBB is thus recognized as a "dynamic regulatory interface" possessing both physical and enzymatic mechanisms for regulating passage of molecules from blood to brain (Corn ford, 1985) .
The lysosome performs a variety of processes for the cell, including active metabolic degradation of nutrient and waste molecules. In general, lyso somes within endothelial cells are thought to be de emphasized owing to the bulk flow of membrane and solutes via a nondegradative or transcytotic pathway (Simionescu, 1979) . However, the BMEC is a specialized endothelial cell exhibiting both structural and functional characteristics more typi cal of epithelial cells (Betz, 1985) . Relatively little literature exists on the demonstration and/or char acterization of acid hydrolases associated with the BBB. Broadwell and Salcman (1981) provided the initial evidence of acid hydrolase activity associated with lysosomes at the BBB in vivo by histological staining of mouse brain slices. Except for occa-sional cytoplasmic vesicles (350-nm diameter) and tubules within endothelia, most of the BBB acid phosphatase (AcP) activity was associated with large (> I-J-Lm diameter) lysosomes within the peri cytes. Prior to that study, attempts by Landers et al. (1962) to histologically localize AcP as a marker for acid hydrolase activity in isolated brain mi crovessels in suspension (i.e., not seeded into cul ture) were unsuccessful. More recently, Weber et al. (1987) have also isolated and partially character ized a phosphoprotein phosphatase associated with the BBB, and Balin et al. (1986 ) and Broad well et al. (1988 have recognized the lysosome compartment as part of the transcytotic pathway for proteins crossing the BBB.
The purpose of this study was to address the ex istence of acid hydrolases in an in vitro model com prised of primary cultures of BMEC monolayers. Establishment of acid hydrolase activity in the in vitro model will facilitate characterization of the functional contribution of these enzyme systems to the BBB. A.) . Acetylated low-density lipoprotein labeled with 1, 1'-dioctadecyl-3 ,3,3' ,3'-tetramethyl-indocarbo cyanine perchlorate (DiI-Ac-LDL) was from Biomedical Technologies (Stoughton, MA, U.S.A.). All other re agents used in this study were of the highest grade com mercially available.
MATERIALS AND METHODS

Chemicals
Isolation and culture of BMECs
BMECs were isolated and seeded into 100-mm plastic culture dishes as previously detailed by Bor chardt (1986a, 1987) and Baranczyk-Kuzma et al. (1986) . After formation of complete monolayers (-10 days after seeding), cells were scraped from 7-11 culture dishes with a rubber policeman and collected in isotonic phosphate buffered saline (PBS), pH 7.4, for preparation of subcel lular fractions. The primary cultured bovine BMEC monolayers used in this study have been extensively characterized as an appropriate in vitro model of the BBB Borchardt, 1986a, h, 1987; Baranczyk Kuzma et aI., 1986; Rim et aI., 1986) .
Fluorescence microscopy
Nearly confluent monolayers grown in 35 x 100mm plastic petri dishes were incubated either with 10 I-lg/ml DiI-Ac-LDL for 4 h (Voyta et aI., 1984) or with 1 I-lg/ml AO for 60 min (Poole, 1977) at 37°C. Labeled cells were rinsed; AO-Iabeled cells were incubated for 15 min at 37°C in medium without AO and mounted without fixa tion in calcium-and magnesium-free Dulbecco's PBS (CMF-PBS) containing 80% (vol/vol) glycerol. Labeled cells were examined by using a Nikon Opiphot micro scope equipped with epifluorescence. Distribution of AO fluorescence was observed by means of a Nikon B-IE filter at AEX* = 470-490 nm and AEM* = 520-560 nm, and DiI-Ac-LDL by using a G-IB filter atAEX = 541-551 nm and AEM > 590 nm.
Light microscopy cytochemistry
Cell monolayers were fixed for 10 min at 25°C in 2% (wt/vol) paraformaldehyde in CMF-PBS, rinsed with CMF-PBS, and incubated 15 min with three changes of enzyme buffer without substrate. AcP activity was local ized according to the method of Gomori (1952) and aryl sulfatase activity by a modification of the method of Goldfischer (1965) using 0.05 M sodium acetate buffer, pH 5.4. Cells were incubated for 30 min at 37°C in buffer containing substrate, rinsed several times with buffer alone followed by distilled water, and immersed for 2 min in a dilute solution of sodium sulfide. Control cells were incubated in substrate-free buffer. Cells, some counter stained with 1% (wt/vol) crystal violet, were photo graphed by using phase-contrast optics.
Ultrastructural localization of AcP
Cell monolayers, grown to near confluency in 35 x 100mm dishes, were fixed for 10 min at 25°C with 0.5% (vol/vol) glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, that contained 7% (wtlvol) sucrose. AcP activity was localized according to Robinson (1985) by using cytidine 5' -monophosphate (disodium salt) as sub strate and 0.0002% (vol/vol) Triton X-100. Stained mono layers were rinsed with enzyme buffer followed by 0.1 M sodium cacodylate that contained 7% (wtlvol) sucrose, postfixed for 1 h at 25°C with buffered 2% (wtlvol) os mium tetroxide, and embedded in situ according to Luft (1961) by using Poly/Bed 812. Thin sections, cut perpen dicular to the monolayer, were poststained with lead ci trate (Reynolds, 1963) and examined by using a Jeol 1200EX microscope operated at 60 kV. Negative controls included cells that had been incubated in either buffer without substrate or buffer with substrate adjusted to pH 8.
Preparation of subcellular fractions
The protocol of Brandt et al. (1975) , with some modi fications, was used to prepare subcellular fractions from BMECs. BMECs were collected in isotonic PBS, centri fuged at 1,000 g for 15 min, and resuspended in 2 ml of 0.25 M sucrose containing 0.02 M imidazole-HCI buffer, pH 7.4. The cell suspension was homogenized at 4°C us ing eight full strokes with a Potter-Elvehjem homoge nizer. The homogenate was centrifuged at 100,000 g for 30 min and the resulting supernatant saved as the cytosol fraction. The pellet was resuspended in 0.02 M imidazole, pH 7.4, and incubated at 4°C for 30 min. Following the incubation period, the suspension was centrifuged at 100,000 g for 30 min. The resulting supernatant compris ing the lysosomal fraction was removed and 0.1 vol of 2.5 M sucrose added to prevent clumping after freeze thawing. The pellet was washed in 0.02 M imidazole-HCI buffer, pH 7.4, by centrifugation at 100,000 g for 30 min.
The supernatant was saved as the microsomal wash and the pellet saved as the microsome fraction resuspended in 0.25 M sucrose containing 0.02 M imidazole-HCI buffer, pH 7.4.
Enzyme assays
The specific activity of l3-galactosidase (EC 3.2.1.23) was determined by the method of Brandt et al. (1975) using 0.22 M 4-methylumbelliferyl-I3-D-galactoside as the substrate. Fluorescence was corrected with a substrate blank and quantitated relative to a standard 4-methyl umbelliferone solution using an SLM-Aminco 4800 fluo rometer (excitation 360 nm and emission 415 nm).
The specific activity of AcP (EC 3.1.3.2) was deter mined by the method of Morre et al. (1983) Phenol sulfotransferase (PST) extraction and assay procedures were as described previously by Baranczyk Kuzma et al. (1986) with 50 fLM p-nitrophenol as sub strate and e 5 S]3'-phosphoadenosine-5' -phosphosulfate as the sulfate donor.
Protein in subcellular fractions was determined by the method of Lowry et al. (1951) .
RESULTS
Morphological identification of lysosomes within cultured BMECs was obtained directly by vital staining BMEC monolayers with AO ( Fig. 1 ). Nu merous fluorescent vesicles were distributed to a perinuclear region in all cells viewed. In parallel experiments, BMEC monolayers were also allowed to accumulate DiI-Ac-LDL, which indirectly labels perinuclear vesicles (Fig. 2) . All cells viewed also exhibited fluorescent vesicles distributed in the perinuclear region of the cells.
Histochemical demonstration of aryl sulfatase ac tivity was confined to discrete cytoplasmic inclu sions (Fig. 3A) , presumed to be lysosomes. Control cells (Fig. 3B ) that were incubated in substrate-free buffer did not contain the black precipitate of PbS. AcP activity in BMECs appeared to stain more ly so somes per cell than the sulfatase (Fig. 4A ). As was observed with sulfatase, the number of AcP positive vesicles, however, was not constant from cell to cell. In fact, some cells did not contain these vesicles. Ultrastructural characterization of AcP distribution indicates that activity is associated with tubular cisternae (Fig. 5 ) and within lysosomes (500 x 700 nm diameter) localized in the perinuclear re gion of the BMECs (Fig. 6 ). No AcP staining was found to be associated with the plasma membrane.
The distribution of BMEC AcP in subcellular fractions determined by biochemical assays was in good agreement with the microscopic observations above ( Table 1 ). The majority of BMEC AcP activ ity (=69%) was associated with the lysosomal and microsomal fractions. The sensitivity of BMEC AcP activity to a potent specific inhibitor, NaF, was determined in lysosomal, cytosolic, and microsom al fractions. At NaF concentrations of 10 and 25 mM, significant inhibition of AcP activity was ob served in all three subcellular fractions ( Fig. 7) with the microsomal AcP activity most sensitive to NaF. In contrast, only the cytosolic and microsomal frac tions of BMEC AcP activity were sensitive to mil limolar concentrations of NEM, an inhibitor of sulf hydryl-dependent enzymes (Fig. 8) . BMEC AcP ly-sosomal activity was unaltered over the NEM concentration range examined here (Fig. 8) . AcP activity associated with the BMEC lysosomal frac tion was inhibited by �29% with 2 mM EDTA.
FIG. 6. Acid phosphatase-positive vacuoles or Iysosomes, shown here with cerium phosphate reaction product filling the lumen, are located juxtaposed to the nucleus. Brain microvessel endothelial cell monolayers were stained for acid phosphatase and processed for electron microscopy as described in Materials and Methods. L, lysosome; M, collagen matrix; N, nucleus. The bar represents 0.5 ILm. a Amount of protein collected from 11 100-mm tissue culture dishes containing confluent monolayers of brain microvessel endothelial cells grown and fractionated as described in Materials and Methods.
b Percentage total activity represents the ratio of enzyme activity in respective subcellular fraction to the sum of enzyme activity in all subcellular fractions, when normalized for total protein in each fraction, multiplied by 100.
However, at higher concentrations of EDTA, 5-50 mM, a 15-83% stimulation of AcP activity was ob served (Fig. 9 ). In the cytosol fraction, AcP activity was stimulated by 10 to �60% over a concentration range of 2-50 mM (Fig. 9 ). AcP activity in the mi crosomal fraction, however, was not altered in the presence of 1-50 mM EDTA ( Fig. 9 ). PST, a cyso tolic enzyme in BMECs, was also assayed in the subcellular fractions to examine the cytosolic en zyme activity that might carry over into other frac tions. Only the cytosolic fraction of the BMECs exhibited PST activity (data not shown).
The specific activity and apparent subcellular dis tribution of l3-galactosidase and total sulfatase in primary cultures of bovine BMECs are summarized in Table 2 . The greatest percentage (74--77%) of acid hydrolase activity was associated with lysosome and microsome fractions, consistent with the micro scopic evidence above. ity from brain microvessel endothelial cell monolayers. Acid phosphatase assays were carried out as described in Mate rials and Methods. The calculated specific activity of acid phosphatase exposed to indicated concentrations of sodium fluoride was divided by the calculated specific activity of acid phosphatase in control samples and multiplied by 100 to get the percentage of control shown. Each data point represents the average ± SE of at least three determinations.
DISCUSSION
The presence of lysosomes in the primary cul tured BMECs was demonstrated by vital staining of monolayers with AO. All cells were observed to contain vesicles in the perinuclear region, i.e., ly sosomes. Similar results, described in hepatocytes (Koenig, 1963) and He La cells (Robbins et aI., 1964) , indicate that these AO-positive inclusions are AcP-positive lysosomes.
Further evidence for the presence of BMEC ly sosomes was demonstrated indirectly by the uptake of DiI-Ac-LDL. This fluorescent probe has been used specifically to label macrophages (Pitas et aI., 1981) and endothelial cells (Stein and Stein, 1980) . Internalized via the "scavenger cell pathway" (Voyta et aI., 1984) , Ac-LDL accumulates and is degraded within the lysosome (Stein and Stein, 1980; Pitas et aI., 1981; Voyta et aI., 1984) . The uptake of Ac-LDL by BMECs is contrary to a re cent report by Vinters et ai. (1987) that human and mouse brain-derived microvessel endothelial cells do not accumulate significant amounts of DiI Ac-LDL. It is unclear if this difference is due to their culture conditions and/or possible effects caused by passaging. Passaging BMECs, for exam ple, has been shown to result in the rapid loss of expression of certain BBB enzyme markers such as -y-glutamyl transpeptidase (Goetz et aI., 1985) . The apparent numbers of cytoplasmic vesicles that be came labeled by DiI-Ac-LDL and AO indicate that primary cultures of BMECs contain many lyso somes, suggesting that these endothelia have a sig nificant hydrolytic capacity. To evaluate this fur ther, additional histochemical and ultrastructural characterizations of acid hydrolases were per formed; BMECs were fractionated and the relative activities of some hydrolytic enzymes were mea sured.
Aryl sulfatase activity was observed histochemi cally to be confined to discrete cytoplasmic inclu- INEM1. mM 60 eo sions presumed to be lysosomes. This activity most likely represents type II sulfatases, which in endo thelia, unlike other cells, are present as both type A and B (Goldfischer, 1965) . However, since this pro cedure was performed at pH 5.4, localization prob ably represents type B activity. Apparently, type C sulfatases are not present within lysosomes (Kawano and Aikawa, 1987) . Contrary to the greater number of lysosomes in vascular endothelia that contain sulfatase rather than AcP (Goldfischer, 1965) , our observations in dicate more lysosomes per BMEC staining posi tively, histochemically, for AcP than sulfatase. As observed with sulfatase also, though, the number of AcP-positive vesicles was not consistent from cell to cell. Such heterogeneity may correlate to meta bolic variability or may be artifactual owing either to inhibition by fixation, which is unlikely, or to solubilization (Goldfischer, 1965) . Ultrastructural characterization of the distribution of AcP indicated significant activity of the hydrolase in the tubular cisternae. A similar distribution has been described in endothelial cells from rat epididymal fat pads (Robinson, 1985) and in mouse brain microvessel phosphatase activity from brain microvessel endothelial cell monolayers. Acid phosphatase assays were carried out as described in Materials and Methods. The calcu lated specific activity of acid phosphatase exposed to in dicated concentrations of NEM was divided by the calcu lated specific activity of acid phosphatase in control sam ples and multiplied by 100 to get the percentage of control shown. Each data point represents the average ± SE of three determinations.
endothelia (Broadwell and Salcman, 1981) . AcP ac tivity also was localized within lysosomes (500 x 700 nm diameter) distributed primarily to the peri nuclear region, typical of lysosomes. A common feature for the cerium capture method (Robinson and Karnovsky, 1983) , reaction product filled and was confined to the vacuolar lumen. These obser vations are consistent with the literature on lyso somes (Barrett and Heath, 1977) . Although AcP is typically used as a lysosome marker enzyme, substantial AcP activity in the mi crosome fraction, which contains endoplasmic re ticulum and Golgi apparatus fractions, is not un usual (de Duve and Wattiaux, 1966; Koenig, 1974; Barrett and Heath, 1977) . Consistent with this dis tribution of enzyme activity is the localization of AcP activity within tubular cisternae demonstrated in the ultrastructural studies and -52% of the total AcP activity associated with the microsomal frac tion of the BMECs. In BMECs, the lysosome frac tion was observed to have only 16.5% of the total AcP activity and was consistent with ultrastructural studies that showed staining of perinuclear vesicles for AcP. Specific inhibition of acid hydrolase activity at tributable to AcP can be attained with NaF (Marani, 1986) . The observed AcP activity associated with subcellular fractions of cultured BMECs in this study was very sensitive to NaF concentrations of 10 and 25 mM. These findings suggest that the ob served activity assayed in the subcellular fractions of BMEC monolayers was specific for AcP. The concentrations of NaF used in this study were well below the 100 mM concentration of N aF required to completely inhibit AcP activity selectively in other systems (Marani, 1986) .
Results of our studies with other known inhibi tors of AcP, EDTA and NEM, indicate that each subcellular fraction of the BMEC monolayers ex hibited a unique sensitivity to these substances. The lysosomal AcP was sensitive to EDT A, the micro somal AcP to NEM, and the cytosol AcP fraction to both EDTA and NEM. The inability of NEM to inhibit lysosomal AcP (Chaimovich and Nome, 1970) and the EDT A stimulation of lysosomal AcP (Lieberherr et aI., 1973) and other observations ap pear consistent with the literature. These results, the acid phosphatase activity from brain microvessel en dothelial cell monolayers. Acid phosphatase assays were carried out as described in Materials and Methods. The calculated specific activity of acid phosphatase exposed to indicated concentrations of EDTA was divided by the calculated specific activity of acid phosphatase in control samples and multiplied by 100 to get the percentage of control shown. Each data point represents the average ± SE of three determinations.
together with the appearance of the cytosolic en zyme PST only in the cytosol fraction (Baranczyk Kuzma et aI. , 1986) , suggest that we have separated out distinct subcellular fractions possessing AcP ac tivity. However, future studies will be required to verify and describe further purification of the indi vidual microsomal and lysosomal subcellular frac tions. Biochemical assay of the specific activity of ad ditional acid hydrolases, �-galactosidase, and total sulfatase in selected BMEC subcellular fractions demonstrates that the greatest percentage (=75-77%) of acid hydrolase activity was associated with lysosome and microsome fractions of BMECs. Typ ically, 20-35% of acid hydrolase activity in cells is generally associated with microsome fractions. Pre sumably, the microsome acid hydrolase activity represents newly synthesized enzyme associated with endoplasmic reticulum and Golgi apparatus (de Duve and Wattiaux, 1966; Koenig, 1974) . Our data for �-galactosidase and sulfatase were in agreement with this distribution, since 29.1% of �-galacto sidase and 16.4% of sulfatase activity were associ- a Percentage of total activity represents the ratio of enzyme activity in respective subcellular fraction to the sum of enzyme activity in all subcellular fractions, when normalized for total protein in each fraction, multiplied by 100. b n represents the number of assays for respective subcellular fractions from dif ferent monolayers. ated with microsome fractions. However, the pre dominant location of j3-galactosidase and sulfatase activity in BMECs was in the lysosome fraction. The histochemical studies demonstrating predomi nant aryl sulfatase activity localized in lysosomes support results from the biochemical assays.
When the BBB incurs damage (i.e., "wounding") in vivo, an increase in endocytosis and hydrolytic capacity has been typical (Lossinsky et aI., 1981) . Endothelium, on isolation and culture, has been ob served to exhibit characteristics of damaged endo thelium in certain respects (Ryan, 1984) . In addi tion, Davies et aI. (1980) have demonstrated that "wounding" of cultured arterial endothelial cell mono layers results in an increased rate of fluid phase pinocytosis during exponential growth and regeneration. Our recent studies, however, have shown that in confluent monolayers of BMECs in primary culture, fluid-phase pinocytosis is 8-and 20-fold lower than in fibroblasts and macrophages, respectively, and actually similar to that observed in vivo (Guillot et aI., 1989) . Whether the significant hydrolytic capacity described here in primary cul tures of BMECs is also representative of the in vivo BBB remains to be fully confirmed.
BBB acid hydrolase activity has been docu mented in vivo (Balin et aI., 1986 (Balin et aI., , 1987 Broadwell et aI., 1988) . The problem remains that the obser vations in vivo were qualitative and comparisons with our in vitro system are therefore difficult to resolve at present. In attempting to resolve differ ences between the in vitro and in vivo BBB, isolat ing BMECs and assaying acid hydrolase activity quantitatively before culturing may be complicated by a primary defect in energy metabolism observed for freshly isolated BMECs (Lasbennes and Gayet, J Cereb Blood Flow Metab, Vol. 9, No.3, 1989 1984). Alternatively, the primary cultures of BMECs, as an in vitro BBB model, offer an oppor tunity to begin elucidation of the significance of acid hydrolases in BBB function.
